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HCC 特异性肿瘤标志物。通过定性或定量地检测 GPC3 的表达量，进一步了解




















向多肽分子探针，探讨该探针在识别肿瘤内 GPC3 的能力，从而研究 GPC3 靶向
多肽在肿瘤早期诊断中的可行性。结果发现，Cy5.5-GBP 在 HepG2 肿瘤中有较
高的肿瘤摄取（肿瘤/肌肉比值：6.49 ± 0.55）相比于阴性对照组即低表达 GPC3
的肿瘤 PC3 组（肿瘤/肌肉比值：1.15 ± 0.32）。同样通过荧光成像和 HCC 组织
学染色检测，我们证明了 GPC3 表现出巨大的潜力。进一步实验中，我们还将此
多肽偶联到四氧化三铁合金纳米颗粒表面实现了靶向成像指导下的肿瘤的光热
















Cancer is one of the threats to human health. The early diagnosis and treatment of 
cancer is the most effective way to improve the clinical outcomes, and finally 
decrease the mortality of cancer patients. The development of precision medicine is to 
diagnose early and refine the individualized treatment in the near future, which is to 
provide the correct treatment to patients at the right time. Personalized medicine is 
becoming a hot topic in the field of biomedical research, and also may become a new 
model of clinical practice. How to design and prepare technologies that integrating of 
diagnostic and therapeutic function targeted tumor in one system is the key to realize 
the personalized medicine. Molecular imaging technology which integrates traditional 
medical imaging technology and molecular biology, makes the biological molecules 
and basic cellular processes to realize visualization, so as to realize the observation of 
the occurrence and development and metastasis of cancer cells at the cellular and 
molecular level, offering an improvement in the early cancer detection, accurate 
cancer staging and prognosis of cancer for better clinical treatment. In addition, the 
development of nanotechnology provides an important basis for the effective 
diagnosis and treatment of a variety of diseases. 
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in 
the world. Its morbidity and mortality are increasing year by year. Most of liver 
cancer is resistant to chemotherapeutic drugs, and one of the most basic features of 
HCC is easy to metastasis and recurrent after treatment. Therefore, it is very urgent to 
develop an effective and reliable tumor biomarker to predict the metastasis and 
prognosis of HCC. Glyphican-3 (phosphatidylinositol-3) is one of the members in 
heparan sulfate glycoprotein families (heroransulfateproteoglycan, HSPG). The earlier 
study demonstrated that the mRNA and protein levels of GPC3 protein was high 
expression in primary hepatocellular carcinoma, but was low or no expression in other 
tumor and benign liver disease. GPC3 protein could be used as a specific tumor 
biomarker in HCC because of the high sensitivity and specificity in the diagnosis of 
primary hepatocellular carcinoma. We reasoned that a novel peptide that specifically 
recognizes GPC3 would facilitate early detection of HCC and guide the cancer 














obtain GPC3 binding peptides using HCC cells (HepG2; GPC3 positive) and a 
peptide (named as GBP) with 735.2 ± 53.6 × 10-9 m affinity to GPC3 was successfully 
identified. The ability to target GPC3 in vivo was investigated by intravenous 
injection of GBP labeled with Cy5.5, into a HCC tumor-bearing mouse model. It was 
found that significant high tumor accumulation (tumor/muscle ratio: 6.49 ± 0.55) of 
Cy5.5-GBP in HepG2 tumors was observed compared with that of the low GPC3 
expressing control cancer cell line (PC3) (tumor/muscle ratio: 1.15 ± 0.32). Similarly, 
GBP showed great potential for HCC detection via fluorescent imaging and 
histological staining. Finally, we engineerd the peptide onto the surface of Fe3O4 
nanoparticles and demonstrated the functional nanoparticles as theranostics for the 
photothermal treatment of tumor under the guidance of the targeted imaging. 















  V 
目 录 
摘 要 ................................................... I 
Abstract .............................................. III 
绪 论 ................................................... 1 
1.1 分子影像技术 ................................................ 1 
1.1.1 光学成像 .................................................. 2 
1.1.2 光声成像 .................................................. 3 
1.1.3 磁共振成像 ................................................ 4 
1.2  医学诊断中的纳米技术 ....................................... 6 
1.2.1 有机纳米粒子 .............................................. 9 
1.2.2 无机纳米颗粒 ............................................. 12 
1.2.3 细胞膜囊泡 ............................................... 14 
1.3 肝癌靶标 GPC3 蛋白 .......................................... 15 
1.4 光热治疗 ................................................... 15 
1.5 本论文选题依据和设想 ....................................... 17 
第二章  特异性 GPC3 亲和肽在肿瘤显像中的应用 ............. 19 
2.1 引言 ....................................................... 19 
2.2 实验材料和方法 ............................................. 21 
2.2.1 实验材料 ................................................. 21 
2.2.2 实验仪器 ................................................. 22 
2.3 实验方法 ................................................... 23 
2.3.1 噬菌体技术筛选与 HepG2 细胞特异结合的内化短肽 ............. 23 
2.3.2 多肽合成仪固相合成多肽（GBP） ............................ 26 
2.3.3 合成后的处理 ............................................. 26 
2.3.4 对多肽进行荧光标记用于光学成像 ........................... 27 
2.3.5 ELISA 检测 GBP 与 GPC3 蛋白的亲和力 ........................ 27 
2.3.6 HPLC 验证多肽在血清中的稳定性 ............................ 29 
2.3.7 细胞水平上验证 GPC3 的表达 ................................ 29 














2.3.9 组织免疫荧光实验 ......................................... 31 
2.3.10 动物肿瘤模型的建立 ...................................... 32 
2.3.11 小动物活体成像仪对肿瘤小鼠进行荧光成像 .................. 32 
2.3.12 统计学分析 .............................................. 32 
2.4 实验结果 .................................................... 32 
2.4.1 肝癌特异性噬菌体的富集筛选 ............................... 32 
2.4.2 阳性噬菌体 DNA 序列测定 .................................. 33 
2.4.3 合成 GPC3 特异性亲和多肽（GBP）和乱序多肽（GBP-scr） ..... 34 
2.4.4 Western blot 验证 GPC3 的表达及 GBP 对细胞的标记 ........... 36 
2.4.5 荧光成像研究 Cy5.5-GBP 在体内与 GPC3 的结合 ............... 37 
2.4.6 荧光免疫组化方法确定 Cy5.5-GBP 在人组织中的结合 .......... 39 
2.5 讨论 ....................................................... 40 
第三章 GPC3 靶向肽修饰铁金纳米实现诊疗一体化的研究 ....... 42 
3.1 引言 ....................................................... 42 
3.2 材料和仪器 ................................................. 44 
3.2.1 实验材料 ................................................. 44 
3.2.2 实验仪器 ................................................. 44 
3.3 实验方法 .................................................... 45 
3.3.1 FANPs-GBP 纳米颗粒的制备 ................................. 45 
3.3.2 终产物及中间产物的表征 ................................... 46 
3.3.3 纳米探针的光热性能检测 ................................... 46 
3.3.4 材料的细胞毒性实验 ....................................... 46 
3.3.5 普鲁士蓝染色实验 ......................................... 47 
3.3.6 FANPs 体外光声信号 ....................................... 47 
3.3.7 体外磁共振成像 ........................................... 47 
3.3.8 荷瘤小鼠模型的建立 ....................................... 48 
3.3.9 荷瘤小鼠的多模态成像和体内分布 ........................... 48 
3.3.10 荷瘤小鼠的光热治疗实验 .................................. 49 
3.3.11 肿瘤组织的石蜡包埋及切片 HE 染色 ......................... 49 
3.4 实验结果和讨论 ............................................. 49 
3.4.1 体外表征 ................................................. 49 













  VII 
3.4.3 体外光声实验 ............................................. 51 
3.4.4 细胞毒性研究 ............................................. 52 
3.4.5 体外磁共振实验 ........................................... 53 
3.4.6 多模态成像 ............................................... 54 
3.4.7 生物分布 ................................................. 56 
3.4.8 靶向介导的光热治疗 ....................................... 57 
3.4.9 安全性评价 ............................................... 58 
3.5 本章小结 ................................................... 59 
结论和展望 ............................................. 61  
参考文献 ............................................... 62  
硕士期间发表的论文情况 .................................. 75  
硕士期间获得奖励情况.................................... 76  















Table of Contents 
Abstract in chinese .................................................................................... I 
Abstract in English ................................................................................ III 
Chapter 1 Introduction ............................................................................. 1 
1.1 Molecular imaging technology .......................................................................... 1 
1.1.1 Optical imaging ............................................................................................. 2 
1.1.2 Photoacoustic imaging .................................................................................. 3 
1.1.3 Magnetic resonance imaging ........................................................................ 4 
1.2 Nanotechnology in medical diagnosis ............................................................... 6 
1.2.1 Organic nanoparticles ................................................................................... 9 
1.2.2 Inorganic nanoparticles ............................................................................... 12 
1.2.3 Cell membrane vesicles .............................................................................. 14 
1.3 GPC3 protein as a target for hepatocellular carcinoma ............................... 15 
1.4 Photothermal therapy ...................................................................................... 15 
1.5 Basis and Design of this Dissertation ............................................................. 17 
Chapter 2 Application of GPC3 specific binding peptide in tumor 
imaging ..................................................................................................... 19 
2.1 Introduction ...................................................................................................... 19 
2.2 Materials and Method ..................................................................................... 21 
2.2.1 Experimental materials ............................................................................... 21 
2.2.2 Experimental instrument ............................................................................. 22 
2.3 Experimental method ...................................................................................... 23 
2.3.1 Screening specific binding peptides by phage display technique ............... 23 
2.3.2 Polypeptide synthesis by Solid phase peptide synthesizer（GBP） .......... 26 
2.3.3 Isolation and purification of polypeptides .................................................. 26 
2.3.4 Fluorescent labeling of peptides for optical imaging .................................. 27 
2.3.5 Detection the affinity between GBP and GPC3 protein by ELISA ............ 27 
2.3.6 Stability of peptides in serum by HPLC ..................................................... 29 
2.3.7 The expression of GPC3 protein at cell level ............................................. 29 
2.3.8 Immunofluorescence assay ......................................................................... 31 
2.3.9 Tissue immunofluorescence assay .............................................................. 31 














2.3.11 In vivo fluorescence imaging .................................................................... 32 
2.3.12 Statistical analysis ..................................................................................... 32 
2.4 Result and Discussion ...................................................................................... 32 
2.4.1 Enrich for specific phage  by affinity selection .......................................... 32 
2.4.2 DNA sequencing of positive phage ............................................................. 33 
2.4.3 Synthesis of GBP and GBP-scr (scrambled peptide) .................................. 34 
2.4.4 Verification of GPC3 expression by Western-Blot and Monitoring of GPC3 
in living cells ................................................................................................................ 36 
2.4.5 The Application of Cy5.5-GBP in optical imaging ..................................... 37 
2.4.6 Determination the binding effect of Cy5.5-GBP in human tissues ............. 39 
2.5 Conclussion ....................................................................................................... 40 
Chapter 3 GPC3-specific binding peptide conjugated Fe3O4@Au for 
MRI and PA imaging-guided photothermal therapy .......................... 42 
3.1 Introduction ...................................................................................................... 42 
3.2 Materials and Method ..................................................................................... 44 
3.2.1 Experimental materials ............................................................................... 44 
3.2.2 Experimental instrument ............................................................................. 44 
3.3 Experimental method ...................................................................................... 45 
3.3.1 The preparation of FANPs-GBP nanoparticles ........................................... 45 
3.3.2 Characterization of final products and intermediates ................................ 46 
3.3.3 Photothermal properties of FANPs-GBP ................................................... 46 
3.3.4 Cytotoxicity test ......................................................................................... 46 
3.3.5 Prussian blue staining ................................................................................ 47 
3.3.6 In Vitro Photoacoustic signal of FANPs ..................................................... 47 
3.3.7 In Vitro Magnetic Resonance signal intensity of FANPs............................ 47 
3.3.8 Animal Model ............................................................................................. 48 
3.3.9 Multimodal imaging and In vivo distribution of FANPs-GBP ................. 48 
3.3.10 Tumor Photothermal therapy ................................................................... 49 
3.3.11 HE staining ................................................................................................ 49 
3.4 Result and Discussion ...................................................................................... 49 
3.4.1 Characterization of materials ..................................................................... 49 
3.4.2 In Vitro Photothermal effect ....................................................................... 50 
3.4.3 In Vitro Photoacoustic effect ....................................................................... 51 
3.4.4 Cell viability ................................................................................................ 52 














3.4.6 Multimodal imaging .................................................................................... 54 
3.4.7 Biodistribution ............................................................................................ 56 
3.4.8 Targeted photothermal therapy .................................................................. 57 
3.4.9 Safety evaluation ........................................................................................ 58 
3.5 Conclussion ....................................................................................................... 59 
Conclusions and Prospectives ................................................................ 61 
References ................................................................................................ 62 
Publications list ....................................................................................... 75 
Award and honor .................................................................................... 76 







































































无创成像的重要技术。近红外成像在 700-900 nm 的波长范围内使用，因为在这
一波段水和生物分子本身的吸收和荧光光谱是最小的，可以使光子在组织内部有



























通过 HA 与受体 CD44 分子的特异性识别，提高药物在肿瘤部位的富集，增强治
疗效果[21] （图 1.1）。 
 
 
图 1.1 基于透明质酸/阿霉素纳米颗粒设计的肿瘤靶向探针[21]  
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